Station availability is a major concern when considering the deployment of an alternative fuel such as hydrogen. Too few stations will make the network inconvenient, while too many will make the refueling network cost prohibitive. As a follow-up analysis to two station siting analyses completed by the authors for the California Hydrogen Highway Network, this report takes a closer look at the regional differences between the four main metropolitan areas in California: Greater Los Angeles, the San Francisco Bay Area, the Sacramento Metropolitan Area, and the San Diego Metropolitan Area. The purpose of this analysis is twofold: to generate a general model to assess hydrogen needs in different regions, and to apply the model to compare its results with the California Hydrogen Highways report. In the analysis that follows, average driving time to the nearest station (convenience metric) is used to determine the number of stations necessary for each region. By using convenience to determine the share of stations, regions that are less dense will be served as well as those regions with high density. The results suggest that the percentage of stations needed to meet a convenience target differs among regions depending on density. For example, a four minute average travel time in Sacramento requires 7.2 percent of stations, whereas only 3.3 percent is required in Los Angeles. The prediction equation developed predicts station needs depending on population density, and a desired level of convenience, and, noting the caveats explained in the paper, can be applied to any region.
INTRODUCTION
The California Hydrogen Highways Report [1, 2] presents a vision for the deployment of a hydrogen refueling infrastructure throughout the state of California. The plan is to proceed in two phases. In the first phase, 50 stations will be distributed among the four main metropolitan areas in California: Greater Los Angeles, the San Francisco Bay Area, the Sacramento Metropolitan Area, and the San Diego Metropolitan Area. In the second phase, 250 total stations will be deployed throughout the state, including stations that connect the regions together. In this report, stations were sited according to the regions' population.
Using the Hydrogen Highways report as a starting point, this paper will take an in depth look at the regional differences that could affect the deployment of a hydrogen refueling network. Whereas the number of stations for each region in the Hydrogen Highways report was determined based on population, this paper will explore an alternative method based upon customer convenience measured in terms of the average travel time to one's nearest station from home. By examining regions of differing density, we generate rules of thumb that can be used to examine the refueling network needs of other regions without running travel time calculations.
Intuitively, we can see that density affects how many stations are needed to service a population. If everyone in a region lived in a one square mile area, then one station might be sufficient to serve that area. Conversely, if the same number of people were more dispersed, more stations would be needed to prevent customers from having to drive long distances to a station. In the same way, denser metropolitan areas may need fewer stations than regions where the population is more dispersed.
Understanding this tradeoff is crucial to the design of a network for hydrogen, or any alternative fuel. Customers expect a certain level of service, and if a minimum level of station coverage is not achieved, then few customers will want to use a hydrogen vehicle. If this threshold cannot be achieved because it is prohibitively expensive, then a hydrogen infrastructure would be postponed until it was economically feasible. It follows that denser regions can more easily meet any threshold since a small number of stations can serve a large number of people. By comparing different regions we can begin to draw conclusions and general guidelines for required station coverage.
BACKGROUND
The sufficient number of refueling stations to satisfy an initial market for alternative fuel vehicles has been investigated in a number of studies [3, 4, 5, 6, 7, 8, 9] . The estimates range from 10% of existing gasoline stations to 30% of gasoline stations. Two of the studies [7, 8] further break down the sufficient number of stations into urban and rural needs.
Few of these studies however have focused on the difference in needs among urban regions [9] . The needs are connected primarily to the percentage of existing stations. While this method is convenient, it is not always consistent. For example, the number of stations in the U.S. in 1970 was 222,000 [10] while the number of registered cars and light trucks was 103.5 million [11] meaning there were approximately 466 cars per station. By 2002 the number of stations had declined to 170,018 [12] while the number of cars and light trucks had increased to 220.9 million [11] or approximately 1300 vehicles per station.
By looking at the trends in auto ownership, and number of stations we can see that basing an estimate of the number of stations needed on a percentage of stations represents a snapshot in time. For example, 10% of stations in 1993 represents 20,741 stations [13] while 10% of stations in 2002 represents 17,002 stations [12] . Compared to these national statistics, the number of stations in California show and even more marked decline [12] . Clearly we can see that percentage of stations calculations are dependent upon the time period they are made.
Another problem with the percentage of stations calculations is that they do not account for regional differences. A small investment per capita may provide adequate convenience (measured in travel time to the nearest station) in one region, because of its density, whereas a comparatively large investment per capita would be required in less dense regions.
METHODS
Representing the number of stations necessary in terms of a percentage of existing gasoline stations is a convenient way to convey information. However, this statistic can not be used uniformly to predict stations needs from region to region. For example, 10% of stations in the Los Angeles region would provide a different level of convenience than 10% of stations in the Sacramento region. Instead, the average travel time to the nearest station from ones home will be used to compare the needs of different regions. This method is based on the assumption that people from different regions have the same tolerance for driving time to the nearest station. This means that people from the urban L.A. region are just as satisfied driving four minutes from home to a station from their home as people from the urban Sacramento area. Using this metric, the relationship between population density, number of stations and convenience can be studied.
Study Area Definition
The areas studied are the metropolitan regions of Los Angeles, San Francisco, Sacramento, and San Diego. These regions are defined by their respective planning organizations: Southern California Association of Governments (SCAG), Association of Bay Area Governments (ABAG), Sacramento Area Council of Governments (SACOG), and San Diego Association of Governments (SANDAG). For the purposes of clarity, the abbreviations of LA, SF, SD, and Sac will be used to refer to the larger metropolitan regions for each of these study areas.
In some cases, these regions are defined by county boundaries, and in some regions boundaries do not follow county boundaries. Due to the arbitrary nature of the political boundaries drawn, only the central urban area within these regions was analyzed. The central urban area within each regions was calculated using a method developed by Nils Johnson [14] . This method identifies the boundaries of contiguous high population density areas such as in LA, SF, SD, and Sac. 
Zone Boundaries and Zone Size
The zones used to divide population in this analysis were urban census tracts. Census tracts vary in land area but each tract represents about 4,000 people with similar living conditions. The urban census tracts were identified as those census tracts whose center lay within the central urban area.
In the first phase of analysis, the year 2000 census tract population was used to approximate customer locations. Many alternative metrics can be used including number of households, traffic, driving age population, or number of vehicles per household, but since population is the most easily obtainable, initial analyses will be grounded in this metric.
An issue with choosing the right zone boundaries is the size of the zones. If the size of the zone is too big, the center of the zone is not well suited to approximate customer locations. If the zones are too small, then the computing time becomes unmanageable. To explore the effect of zone size on the results, a sensitivity analysis was performed on the Sacramento region. For this region, three zone definitions were applied, and the impact on travel time was calculated.
Station Locations
This analysis uses existing gasoline stations as possible locations for hydrogen stations. The model is not so precise that hydrogen stations need to be co-located with the gasoline stations chosen. Gasoline stations are merely placeholders that represent a likely refueling area.
Hydrogen stations can be located in the surrounding area without affecting the calculations significantly.
The list of stations used comes from the California Energy Commission (CEC) [15] . It is a list of all gasoline stations as of 2002 with a total of 20,939 stations, 9,397 of which are retail stations. The number of stations in California in 2002 according to the National Petroleum News was 9,730 [12] , a difference of 3.6%. From comparison with other more accurate lists from MPSI [16] that break station counts down by county, some counties had an under count, and some had an over count. Despite these irregularities, the list from the CEC is the only one that is provides station locations for all California, and hence was used for all calculations.
Road Network
Driving time between a census tract and a station was calculated using the StreetMap road network from Environmental Systems Research Institute (ESRI) [17] . This road network is a consistent nationwide road network and provides driving time results that are comparable from region to region. It should be noted that this network approximates speed, and does not take congestion into account. Therefore the driving time results should be interpreted as approximate, and possibly shorter than actual.
Model Description
The model used is described in detail in another paper [6] , but a brief overview will be given here. The scenarios that we are testing mirror the use of the current gasoline network and have the following assumptions:
People prefer to refuel near home. The distribution of existing gasoline infrastructure is correlated to the future hydrogen infrastructure.
People will refuel at public fuel stations as opposed to home refueling. In order to find the best placement of stations, the model minimizes the average travel time to the nearest station for a region. This is called a p-median problem in operations research [18, 19] . The p-median problem model is a relatively simple idea in the retail context. Consumers are assumed to patronize the closest station to their home. Home based refueling was chosen for this analysis since there appears to be an correlation between home and refueling [20] . Other metrics such as traffic may more accurately describe demand patterns, but these data are not easily obtainable for every region. For this analysis, the consumers are assumed to be at fixed locations and the goal is to optimize the retail locations such that the aggregate time for all consumers is minimized. The number of locations (p number of facilities) can be specified, and given that number of locations, the optimal arrangement of those stations can be derived. The travel time to the nearest station is weighted by the number of people associated with a route from a zone to a station. This can be seen visually in Figure 2 . 
Station
The locations of the consumers' homes are approximated by the center of a census tract. As stated before, census tracts are based on population, not size. Smaller dense tracts approximate consumers' locations more accurately than larger tracts. Accordingly, travel times may be more accurate in areas with denser census tracts. This effect will be investigated further in the results section.
RESULTS
As expected, each region analyzed is distinctive. A summary of relevant statistics for each region is shown in Table 1 . We will later compare the results of this analysis to that in the California Hydrogen Highways report. 
Effect of Zone Size on the Results
One possibility that could potentially invalidate the travel time calculations is the size of the zones. The zones become smaller as the population density increases (Table 1) , and it is possible that the difference in travel time is related wholly to the size of the zones being studied. To account for this possibility, the Sacramento Region was analyzed using various zone sizes. TAZs represent roughly a doubling of the number tract zones and the ¼ TAZs represent a ninefold increase in zones. Using these boundaries we can calculate the average travel time to the nearest station. Clearly, increasing the zone resolution has an effect on travel time, but the effect is not great. The differences in the results generally increase as the number of stations sited grows. The difference is greatest when calculating the average travel time to the nearest station using the full gasoline network. The time computed using tracts was 2.24 minutes, whereas the time using ¼ TAZs was 1.99 minutes. We should keep this difference in mind as we interpret the results from the other regions, but the differing resolution has little effect on the results for zones on the scale of tract size or less. The area of the curve we are most interested in is from 0% up to about 15% of stations. At 15% of stations, the results between tracts and ¼ TAZs in the Sacramento area differ by only 0.1 minutes or 6 seconds.
Model Application
The scenario testing produced some interesting results. When we increase the number of stations from 0% we see the average driving time rapidly drop after the initial stations are added to the network (see Figure 3) . For example, the average travel time in the Los Angeles region to one station, two stations and three stations is 25, 21, and 18 minutes respectively. The difference after adding the second station is four minutes, but the difference after adding the third station is only three minutes. This decreasing difference is repeated as more stations are added. 
Minutes to the Nearest Station vs Percent of Stations in Region

FIGURE 3
Relationship between average driving time to the nearest station and percentage of stations. To highlight the region that will be analyzed, the scenarios for each region stop when they reach 3 minutes.
The relationship between travel time and percentage of stations shown in the above graph can be seen numerically in Table 3 . The absolute numbers are shown in TABLE 4 Relationship between average driving time to the nearest station and the number of stations in each region necessary to achieve that driving time.
We see that for the Los Angeles Region, less than half the percentage of stations is needed to achieve a similar travel time target in almost all cases. For Example, for an average time of 3 minutes to the nearest station from one's home, the Los Angeles region requires only 6.8% of stations, whereas the Sacramento region requires 15.8%.
Density of Station Coverage
The numbers of stations shown in Tables 3 and 4 Table 2 ). We can visualize the differences between a high density area such as in L.A. and a lower density area such as Sacramento, in a boxplot. This type of plot breaks down the individual travel times from each zone that make up the averages. In Figure 4 , L.A. and Sacramento are compared at the levels of three, four, five, six, and seven minutes. Figure 4 shows that, upon closer inspection, the L.A. and Sacramento areas look similar when viewed as boxplots. Even though there is a greater density of stations per square mile in Sacramento, there seems to be better access in the Los Angeles region. However, there are many more outlier zones in the Los Angeles region. This is not surprising since there are many more zones overall, but it does appear that there are more zones that are not as well served as in the Sacramento Area.
General Equation
One can see by Table 3 that the percentage of stations needed to achieve a certain driving time increases as the population decreases (Regions are ordered by population with the largest first). The percentage of stations is also tied to the population density. Even though the LA region is twice as populous as the SF region, the density seems to be the important factor. Conversely, the Sac region with the lowest population and the lowest density requires a higher percentage of stations to meet a driving time target. The fluctuation in the percentage of stations required cannot be wholly explained by population or population density, however, population density does seem to correlate in part the percentage of stations needed to achieve a certain driving time ( Figure 5 ). Using the equations in the above graph, one can compute the number of stations necessary to achieve a travel time target based on the density in a central metropolitan region. For example, knowing the population density of Seattle enables the rough calculation of the percentage of stations necessary to achieve a three, four, five, six, or seven minute travel time target. A more general equation using any density, and any travel time target is as follows: Table 1 and Fig. 4 .
Percent of Stations versus Population Density
The equation in Figure 6 represents the best fit for the data in the California case. However, if population distribution patterns do not follow those of the dense areas in California, the general equation above may not fit the data in those regions. The above equation can be represented in three dimensions as well (Figure 7 ). In the three dimensional view, we can see how to approximate the percentage of stations needed in a region depending on the density of that region.
Interpretation of Inconsistencies
We need to interpret these results carefully though. As stated earlier, the percentage of stations is not a completely reliable metric and there are some inconsistencies between the regions. Looking at the number of people per station in Table 1 , we see that there are more people per station in San Diego than in all other regions. This may explain why the data points for the estimate of percentage of stations needed to achieve a travel time target lie above the line ( Figure  5 ) since a higher percentage of stations would logically be needed if there are not very many stations to begin with. However, this reasoning does not hold for the San Francisco region. There are more people per station in San Francisco than in Los Angeles, yet a smaller percentage of stations is needed in SF to meet a travel time target. Another possibility is that the relationship between percentage of stations and population density is not linear as shown in Figure 5 . Whatever the general relationship, there are geographic factors, such as intense population clusters, unique to each region that will make the actual convenience vary from any general rule. One way to control for the varying number of stations in each region is to assume that each region should require 1 station for every 4300 people. Then the percentage of stations needed in an area match the predicted number of stations. For example, San Diego "should" have 590 stations instead of the current 572. If we take 14% of 590 (3 minutes as calculated in Figure 5 ), then we come up with exactly how many stations the model predicts are needed for this travel time, 83 stations (Table 4 ). In this way we can predict the number of stations independent of the existing number of stations. However, this does not work for the San Francisco region, and so this method requires further investigation.
Application of the Model to the California Hydrogen Highway
Looking at the California Hydrogen Highways example of 50 stations throughout the state in the first phase, and 250 stations in the second phase (233 for the regions when the 17 stations between regions are taken into account), we can see an alternative method for distributing the stations based on maintaining a constant travel time. The hydrogen highways report allocated half of the stations to the Los Angeles region and divided the rest among the regions based on population. We can compare these results to those that base the division of stations based on equal travel time for all regions. The results are shown in Table 5 . The results using the travel time method are similar in some respects to the results from the methods used in the Hydrogen Highways report. In particular, the number of stations in the Los Angeles region match up well. This is somewhat surprising since allocating half of the available stations to the Los Angeles region was an educated guess by the authors in recognition of the fact that there likely was a correlation with density. In reality, the Los Angeles region accounts for 60% of the population among the regions. The second half of the stations in the Hydrogen Highways report were allocated based on population. It is in the SF, SD, and SAC regions that we can see some differences in the results. The San Francisco region may require many fewer stations than in the hydrogen highways report, and the less dense areas of San Diego and Sacramento may require more.
CONCLUSION
As demonstrated in the above analysis, there is significant regional variation in refueling infrastructure. When deciding how many stations are needed in an area, using the percentage of stations alone may not be a reliable metric. Population density appears to be correlated to the percentage of stations needed in an area. Even though generalizations can be made using population density, a region's specific road network, station distribution, and population distribution make each region's station requirements vary from this generalization. Additionally, percentage of stations comparisons are only valid if the average number of people per station among regions is relatively constant. In our analysis, the average people per station was about 4300 people. If the average number of people per station differs from this level, the recommendations for the percentage of stations required in a region may no longer be valid. Additionally, this model is most appropriate for home based refueling. Work based refueling would likely result in a lower percentage of stations needed to achieve a travel time target [22] .
When the model was applied to the Hydrogen Highways example, constant travel time was used to determine how best to allocate limited resources to achieve equality in consumer convenience. Even though results in this analysis and the Hydrogen Highways report were similar in some cases, using travel time as a metric to assess consumer convenience suggests that denser regions with clustered population require fewer stations to provide convenience similar to less dense regions.
Based on this report, the Los Angeles and San Francisco regions require fewer stations per capita, possibly due to the dense clustering of people. However, the small size of Sacramento and San Diego enables the urban areas of these regions to be served by relatively few stations even though a higher investment per capita is required. The appropriateness of average travel time from home to a station as a metric for convenience is as yet untested, but this metric does provide a way to examine the needs of regions that differ in geography and population distribution.
